Excessive or N-based application of poultry manure for crops may result in signifi cant risk of P loss with surface runoff . Th is study assessed P loss immediately after poultry manure application to soybean [Glycine max (L.) Merr.] residue with and without tillage at eight Iowa fi elds. Manure from chickens (Gallus gallus domesticus) or turkeys (Melleagris gollopavo) was applied at intended rates of 0, 84, or 168 kg total N ha −1 (total P was 0, 21-63, 50-123 kg P ha −1 , respectively) with three replications. Simulated rainfall (76 mm h −1 ) was applied to 3-m 2 sections of larger fi eld plots with 2 to 7% slope, usually within 2 d of application, to collect runoff during 30 min. Runoff was analyzed for concentrations of sediment, dissolved reactive P (DRPC), bioavailable P (BAPC), and total P (TPRC). Non-incorporated manure consistently increased (P ≤ 0.10) concentrations of all runoff P fractions in fi ve sites, but there were increasing trends at all sites, and on average manure increased DRPC, BAPC, and TPRC 32, 23, and 12 times, respectively, over the control. Tillage to incorporate manure reduced DRPC, BAPC, and TPRC by 88, 89, and 77% on average, respectively, although in non-manured plots tillage seldom aff ected DRPC or BAPC and often increased TPRC. Tillage increased sediment concentration in runoff but not enough to off set the benefi ts of manure P incorporation. Runoff P loads generally followed trends of runoff P concentrations but were more variable, and signifi cant treatment eff ects were less frequent. Overall, incorporation of manure by tillage was very eff ective at reducing P loss during runoff events shortly after poultry manure application under the conditions of this study.
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Runoff Phosphorus Loss Immediately after Poultry Manure Application as Infl uenced by the Application Rate and Tillage
Daniel E. Kaiser University of Minnesota Antonio P. Mallarino* and Mazhar U. Haq Iowa State University Brett L. Allen USDA-ARS P oultry manure utilization and disposal may become a serious problem in Iowa since the industry is growing signifi cantly (mainly production of eggs and turkeys) and a majority of soils test optimum or higher in soil-test P (STP). Over-application of fertilizer or manure P can negatively impact water quality. As of 2006, the Iowa Department of Natural Resources considered 282 Iowa surface water bodies impaired for a number of reasons, including excessive P concentration (Iowa DNR, 2007) . Phosphorus is lost from fi elds mainly by surface and subsurface transport processes. Excess soil erosion and surface runoff can be important pathways for P delivery to surface water resources even when STP is at or below optimum levels for crops. Sediment P includes forms bound by soil mineral and organic particles and has been reported to account for 60 to 90% of P transported in surface runoff (Sharpley et al., 1992; Sharpley, 1999; Allen and Mallarino, 2008) . Dissolved P forms include P desorbed from soil, leached from plant residues, and dissolved from recently applied sources such as fertilizer and manure. Most forms of dissolved P are readily available for biological uptake (by plants, algae, or microorganisms), and particulate P forms may become available over time (Sharpley, 1999) .
Many studies have shown that excessive or inappropriate application of animal manures can have negative impacts on surface waters by increasing P content in surface runoff . Repeated application of manure can lead to build-up in soil P and increased runoff P loss (Edwards and Daniel, 1993; Sharpley et al., 1993; Sharpley, 1995; Pote et al., 1996; Daverede et al., 2003; Allen and Mallarino, 2008) . Several studies have related runoff P to manure application rates. For example, Edwards and Daniel (1993) measured P runoff from pastures 1 d after poultry litter (poultry manure mixed with bedding material) application and reported linear increases in runoff P concentrations and loads as the amount of manure applied increased. Sharpley (1995) found that the concentrations in runoff of DRPC, algal available (i.e., BAPC), and TPRC were signifi cantly increased by manure application rate, and that increases were well correlated to STP within each soil used but poorly correlated across soils. Allen and Mallarino (2008) showed signifi cant eff ects of liquid swine (Sus scrofa domesticus) manure application rates on runoff P concentrations and loads from Iowa corn and soybean fi elds. Th ey also noted that runoff P increasing trends were usually large and exponential when the manure was not incorporated into the soil but were small and linear when the manure was incorporated by tillage. Th e aforementioned study and others (Hansen et al., 2002; Pote et al., 2003) showed that incorporating manure into the soil may reduce loss of various runoff P fractions by 50 to 95% unless the operation signifi cantly increases sediment loss. Other studies (Andraski et al., 1985; Daverede et al., 2003) reported signifi cant relationships between runoff total P and sediment loss, that the highest losses were associated with tillage leaving little residue cover, and that various forms of conservation tillage reduced runoff P loss by 60 to 90% compared with non-incorporated manure or tillage leaving little residue cover.
Manure applied to the soil surface can pose an immediate threat to water quality because a portion of the manure P can be readily available to algae if transported to water bodies. Research has shown that dissolved and total P losses can diff er between mineral and manure P sources Daniel, 1994, Kleinman et al., 2002a) , between manures of diff erent animal species, and within a species but between manure production systems (Kleinman et al., 2005) . Tests that estimate manure water soluble P (MWSP; Kleinman et al., 2002b) have shown this to correlate well with DRPC after applying poultry manure (Kleinman et al., 2002a; Vadas et al., 2004) . Research also has shown that increasing the time between manure application and a runoff event can greatly reduce DRPC, BAPC, and TPRC (Sharpley, 1997; Allen and Mallarino, 2008) , sometimes even to levels as low as those for non-manured control plots. Furthermore, Robinson and Sharpley (1995) noted that 40% of P released from poultry litter during fi ve rainfall events was released during the fi rst event. Allen and Mallarino (2008) applied various rates of liquid swine manure and reported that DRPC, BAPC, and TPRC for runoff events within 24 h of manure application without incorporation were 3.1, 2.7, and 1.1 times greater, respectively, than for events occurring 10 to 16 d after application. Th erefore, these results indicate a large potential for P loss with even one runoff event occurring shortly after manure application.
Poultry manure typically contains higher nutrient concentration and lower moisture concentration than other manures (Wilkinson, 1979) , which makes it desirable as a fertilizer source for corn (Zea mays L.) and soybean. Th e manure N:P ratio is highly variable, however, and often does not match the nutrient needs of crops. Applying poultry manure according to the N needs of corn typically applies more P than is recommended for two crop-years in a corn-soybean rotation, which increases the risk for P losses to surface waters . However, little or no fi eld research has been published to assess the potential risk of P loss with surface runoff immediately after poultry manure application after harvesting soybean in fi elds in Iowa and the Corn Belt. Th erefore, the goal of this study was to assess potential risk of P loss with surface runoff shortly after applying poultry manure to fi elds with soybean residue using sources, equipment, methods, and application rates commonly used by farmers. Th e specifi c objective was to assess impacts of manure application with and without incorporation into the soil on concentration and loads of several runoff P fractions for runoff events shortly after application.
Materials and Methods

Field Trials Design
Rainfall simulation experiments were conducted on small sections of eight on-farm strip trials established during 2004 and 2006 on Iowa farmers' fi elds. Th ese fi elds were also used to assess the eff ects of poultry manure application rates on corn yield. Soybean had been harvested from all fi elds, and the fi elds were selected to represent a wide range of soils and STP. Treatments were replicated three times and consisted of three manure application rates: a non-manured control and rates intended to supply 84 and 168 kg ha −1 of total manure N. Th e strips were of similar size at each site but varied across sites from 152 to 562 m in length and 9.1 to 18.2 m in width. Areas of each strip (9 strips, from 3 treatments and 3 replications) with uniform soil and slope were selected for the rainfall simulation study as the manure was being applied. Table 1 lists the trial locations as well as soil series and selected soil analyses of the strip areas chosen for the rainfall simulations.
Manure from broiler, egg layer, or turkey feeding operations was supplied by the farmers. One manure type was used at each trial (Table 2 ). Egg layer manure was obtained from caged facilities so no bedding materials were mixed with the manure. Broiler and turkey manure included bedding material consisting of sawdust for broilers and a mixture of wood shavings and oat (Avena sativa) hulls for turkeys. Th e application rates were based on the total manure N analysis from preliminary samples taken from buildings or storage piles. Manure was applied with broadcast spreaders used by each farmer and were calibrated by project personnel before manure application by weighing the application equipment using portable scales before and after spreading manure over a length of at least 33 m. Th e high manure rate was applied by spreading the low rate twice over the same area. Six manure samples were taken at each site while the manure was being applied to better estimate amounts of nutrients applied. Th e samples were stored frozen (-4°C), a subsample was dried at 105°C for 16 h to determine moisture content, and the rest was dried at 65°C for chemical analysis. Th e analyses were total N by USEPA Method 351.2 (USEPA, 1979); total P, K, and Ca by USEPA Method 3051 (USEPA, 1999); pH (1:2 solids:water ratio); and MWSP concentration by the method described by Kleinman et al. (2002b) . Table 2 shows selected manure properties and actual nutrient application rates. As expected, actual manure-N application rates sometimes departed signifi cantly from planned rates because of diff erences between the preliminary manure analyses and those for manure being applied. Manure total P application rates across sites varied signifi cantly because manure total N:P ratios ranged from 1.3:1 to 30:1 across sites, and ranged from 21-187 kg P ha −1 for the low rate and 50-318 kg P ha −1 for the high rate. Th ese rates encompass poultry manure rates applied by farmers in Iowa. Iowa State University P recommendations for corn range from 27 to 50 kg P ha −1 according to STP and prevailing yield levels, while 44 to 78 kg P ha −1 is recommended for the 2-yr corn-soybean rotation when a single application before corn is used .
Manure Incorporation Treatments and Rainfall Simulation Methods
Manure incorporation and non-incorporation treatments were applied before rainfall simulations to a pair of plots on selected small areas of each of the nine treatment strips. To avoid strip borders, the pair of plots was set up approximately at the center of each strip, widthwise. Th e tillage for non-manured plots and for manure incorporation was done with disk harrows at Sites 1, 2, and 4; a chisel plow at Site 5; and a heavy-duty rotary tiller at Sites 3, 6, 7, and 8. Th e disk harrow used varied across the sites because the farmers owned them, and the rotary tiller was the same at all sites. Th e tillage depth for these implements was approximately 15, 20, and 10 cm, respectively. We used a fi eld rainfall simulation technique and equipment that were used and described in detail for a previous study with liquid swine manure (Allen and Mallarino, 2008) and by the National Phosphorus Research Project (NPRP, 2002) . After manure application and tillage, threesided boxes made of galvanized steel measuring 3 m 2 and 10 cm high were set into the soil to a depth of 7.5 cm. Th e boxes were placed in areas without wheel tracks and where rows of the previous soybean crop and tillage implement passes ran down the slope to minimize water ponding within the box. A "V"-shaped fl ume that measured 1.5 m in width and 0.5 m in length was installed with the upper edge level with the soil surface on the open end of each box, which was located down the slope to collect plot runoff . Th e fl ume was equipped with a canopy to exclude direct input of rainfall, and a 10-cm diameter plastic pipe was connected to the fl ume to route runoff away from the box to a plastic collecting vessel placed outside of the rainfall area and buried so that its surface was at a ground level. A Veejet HH-SS50 WSQ nozzle (Spraying Systems, Wheaton, IL) was supported by a cube frame made of Al pipes that measured 3 m on each side and was placed 3 m above and at the center of the rained-on area. Preliminary calibrations using collector pans showed that this nozzle applied a uniform volume of water over an area approximately 5 m in diameter. Plastic curtains wrapped around the simulator frame eliminated potential eff ects of wind on rainfall intensity and uniformity.
Simulated rainfall was applied within 2 d of the manure application except for Site 3 (10 d). Th ere was no natural rainfall during the time between manure application and the rainfall simulations. Water for the simulations was obtained from drinking-quality rural water sources near the sites. Dissolved reactive P in the water (Murphy and Riley, 1962) was 0.01, 0.01, 0.15, 0.02, 0.01, 0.18, 0.06, and 0.32 mg P L −1 for Sites 1 through 8, respectively. Simulated rainfall was applied to each plot in two sequential steps following procedures used and described by Allen and Mallarino (2008) . Rainfall was fi rst applied at an intensity of 7 L min −1 as needed to reach the point of runoff using a hose fi t- ted with a nozzle attachment that was moved back and forth approximately 0.5 m above the plot area to pre-wet each plot. After waiting 15 to 30 min, additional rainfall was applied with the rainfall simulator at 76 mm h −1 (energy of 0.278 MJ ha −1 mm −1 ) until 30 min of runoff occurred. Th e rainfall intensity used with the simulator (including time to runoff that, on average, was 5 min and varied little among plots) has a recurrence interval of approximately 13 yr in Iowa (Huff and Angel, 1992) . Th e total runoff collected during 30 min was weighed and stirred vigorously, and a 1-L sample was collected. A 20-mL subsample was fi ltered in the fi eld using a 0.45-μm pore-size fi lter. Th e unfi ltered sample was used for BAPC and TPRC analyses, while the fi ltered sample was used for DRPC analysis. All runoff samples were kept in cold storage (4-5°C) until analysis.
Soil and Surface Runoff Analyses
A composite soil sample of 12 soil cores was taken before manure application from the 0-to 15-cm layer of the soil around the small areas of each strip where the rainfall simulation plots would be located. Th is is the soil sampling depth suggested by Iowa State University and required by Iowa state agencies for both agronomic and environmental soil P testing for all tillage systems (Mallarino et al., 2005) . Soil samples were oven-dried at 65°C, crushed to pass through a 2-mm sieve, and were used for all tests except for organic matter, for which subsamples were further crushed to pass a 0.5-mm screen. Soiltest P, K, Ca, Al, and Fe were measured by the Mehlich-3 method following procedures recommended by the North Central Region Soil and Plant Analysis Committee (Frank et al., 1998) . Water-extractable soil P (WEP) was determined by the procedure described by Pote et al. (1996) , which consisted of shaking 1 g of soil with 25 mL of deionized water for 1 h, centrifuging for 5 min at 266 m s −1
, and fi ltering through Whatman no. 42 fi lter paper. Bioavailable soil P (BioP) was analyzed by the Feoxide impregnated fi lter paper method as described by Sharpley (1993) , adapted to fi lter paper disks (5.5-cm diam., Whatman no. 50). Paper discs preparation involved immersing discs in a solution containing FeCl 3 .6H 2 O, removing discs, letting them dry at room temperature, immersing them in a 2.7M NH 4 OH solution to convert FeCl 3 to Fe-oxide, and letting them dry at room temperature. Soil P was extracted by shaking 1 g of dried soil and one paper disc in 30 mL of 0.01M CaCl 2 for 16 h, removing the disc, rinsing the disc free of attached particles, letting them dry at room temperature, and removing adsorbed P by shaking discs in 40 mL of 0.1M H 2 SO 4 for 1 h. Th e P in all extracts was determined colorimetrically using the Murphy and Riley (1962) method. Soil organic matter was determined by a combustion method (Wang and Anderson, 1998) . Soil particle size distribution was determined according to the procedure described by Kettler et al. (2001) . Soil pH was determined using a 1:1 soil:water ratio.
Surface runoff samples were analyzed for DRPC, BAPC, and TPRC. Th e DRPC was determined on the fi ltered runoff samples colorimetrically (Murphy and Riley, 1962) . Unfi ltered runoff was used to test for BAPC with a method similar to that used for testing soil BioP and TPRC, with the alkaline-oxidation method (Dick and Tabatabai, 1977) adapted to an aluminum digestion block (Cihacek and Lizotte, 1990; Allen and Mallarino, 2008) . Th e P in extracts for both BAPC and TPRC was determined colorimetrically (Murphy and Riley, 1962) . Total solids concentration (TSC) in runoff was analyzed using the American Public Health Association (APHA, 1998) method.
Statistical Analysis
Th e experimental design in all sites was a randomized-block, split-plot design with three manure treatments in main plots, two tillage treatments in subplots, and three replications. Statistical analyses by site were conducted using the PROC MIXED procedure of SAS (SAS Institute, 2000) assuming fi xed manure and tillage treatment eff ects and random block eff ects. When the manure main eff ect was signifi cant at P ≤ 0.10, diff erences between treatment means were tested by orthogonal comparisons. Comparisons tested included the average of the two manure treatments vs. the non-manured control and the low vs. high manure rates. When the interaction between manure and tillage treatments was signifi cant (P ≤ 0.10), the sums of squares were partitioned into manure treatment eff ects for each tillage treatment using the rate comparisons described above. A statistical analysis of treatment eff ects on selected runoff P fractions across sites used PROC MIXED for a split-plot design assuming fi xed manure and tillage eff ects and random site eff ects. Procedures CORR and REG of SAS were used to assess relationships between selected measurements.
Results and Discussion
Runoff Phosphorus Concentrations
Applying manure with or without incorporation into the soil with tillage increased (P ≤ 0.10) DRPC in fi ve sites (Sites 1, 2, 3, 6, and 7; Table 3 ). In these sites, DRPC increases were greater when manure was not incorporated, which was confi rmed by a signifi cant interaction between manure and tillage. Tillage to incorporate manure always reduced DRPC compared with no tillage, but tillage of non-manured plots did not increase DRPC compared with no tillage. Th e DRPC for the two manure application rates diff ered at Site 3 for both incorporation treatments and at Sites 2, 6, and 7 for only the unincorporated treatment. Th e largest DRPC diff erences between manured and non-manured plots were observed at Sites 1, 2, and 6. Greater DRPC at these sites most likely was due to higher manure application rates or higher MWSP concentration (Table 2 ) than for most other sites. Figure 1 shows that DRPC across sites was linearly related to the amount of MWSP applied. Th e rate of DRPC increase (linear coeffi cient) with increasing amount of MWSP applied was about eight times greater for unincorporated manure than for incorporated manure. Moreover, MWSP concentration and DRPC were not correlated (r = 0.04) across sites when the manure was incorporated but were positively correlated when manure was not incorporated (r = 0.55). Also, MWSP concentration was not related to DRPC (P ≤ 0.10) when it was included after manure total P rate in a two-variable regression model (not shown). Th ese results are in contrast with other research results showing better correlations between MWSP and DRPC (Kleinman et al., 2002a; Vadas et al., 2004) . Better correlations in previous studies might be explained by better-controlled indoor rainfall simulations, equal amounts of total P being applied from each source, and/or use of only one manure type.
Manure application increased BAPC at six sites (Sites 1, 2, 3, 6, 7, and 8), and tillage usually decreased it signifi cantly (Table  3) . Manure application increased BAPC much more without incorporation than with incorporation in these six sites, which was confi rmed by a signifi cant interaction between manure and tillage. Moreover, orthogonal comparisons (not shown) showed that with the exception of Site 3, manure application increased BAPC over that of the control only when the manure was not incorporated. Another important result was that tillage without manure application did not increase BAPC compared with no tillage. Th e ranking of BAPC responses followed closely those for DRPC, with the exception of Site 8, where there was a manure eff ect for BAPC but not for DRPC. Table 4 shows a strong correlation between BAPC and DRPC for both tilled (r = 0.97) and untilled (r = 0.98) plots across sites and manure rates.
Manure application increased TPRC at six sites (Sites 1, 2, 3, 5, 6, and 7; Table 3 ). Th e high rate of incorporated manure increased TPRC beyond the low rate only at Site 5. Tillage to incorporate manure signifi cantly decreased TPRC compared with no tillage at fi ve sites (Sites 1, 2, 3, 6, and 7) and increased it slightly at Site 5 (Table 3) . At four sites (Sites 1, 2, 3, 6, and 7) a signifi cant interaction between manure and tillage and orthogonal comparisons (not shown) indicated that manure application increased TPRC only when manure was not incorporated, and that tillage without manure application increased TPRC over the untilled treatment only at Site 3. Also of importance, when manure was applied, both TPRC and TSC were much higher with tillage than without tillage (Tables 3 and 5) , and these two measurements were better correlated with tillage (r = 0.72) than without tillage (r = 0.46; We cannot explain with certainty nonsignifi cant or small and inconsistent manure and tillage eff ects on all runoff P fractions in Sites 4, 5, and 8. Initial STP (Table 1) did not explain the low runoff P concentrations at these sites. In fact, initial STP was not related to runoff P concentrations (not shown) even though it varied greatly across sites (M3P was 8-52 mg P kg
and WEP was 1.0-9.4 mg P kg cients between runoff P fractions by tillage treatment (tillage for non-manured plots or to incorporate manure; n = 24) . Table 5 . Runoff amount and total solids concentration and loads as aff ected by manure application and tillage.
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relation between runoff P concentration and STP or soil texture should not be surprising because previous research showed that a recent P application greatly overrides usually signifi cant correlations between runoff P and STP or other site factors (Sims and Wolf, 1994) . Th e low runoff P levels and little or no manure eff ects at Sites 4 and 5 might be explained by the lower P application rates compared with the other sites (Table 2) . At Site 8, the total P applied was not among the lowest in the study, but the amount of MWSP applied was the lowest among the sites and the slope was the lowest of all sites.
A study of runoff P responses to manure application rates and tillage for sites grouped according to the manure type (not shown) did not provide evidence for consistent eff ect of the manure type on the observed results. As indicated before, runoff P levels for all P fractions tended to be highest when either the manure total P or soluble P application rate were the highest. Th e highest amounts of MWSP applied, independently of the manure type used, coincided with sites that had the highest DRRC, BAPC, and TPRC, which agrees with relationships in Fig. 1 . Figure 2 summarizes mean treatment eff ects on DRPC, BAPC, and TPRC across all sites. Th e ranking of the treatments and statistical signifi cance of diff erences were similar for the three runoff fractions. Manure increased runoff P concentrations signifi cantly only for the unincorporated treatment, runoff P for the tilled control was statistically similar to that for incorporated manure, and the two manure rates diff ered only for unincorporated manure. Th ese results, and those shown before for the individual sites, indicate that, for conditions similar to those used in this study, poultry manure incorporation will drastically reduce the probability and magnitude of P loss with surface runoff . Without incorporation, however, manure application results in large potential for P loss and water quality impairment during runoff events occurring immediately after the manure application.
Calculations from data in Table 3 and Fig. 2 indicated that DRPC constituted a large portion of BAPC (81% on average across all sites and treatments). Th e proportion of DRPC was larger when manure was applied (84%) than for non-manured plots (61%) but was not infl uenced by manure incorporation with tillage. Table 6 shows that, on average across all sites and treatments, DRPC and BAPC comprised only 32 and 39% of TPRC, respectively. Th ese proportions diff ered greatly for both the manure and tillage treatments but diff ered little between the low and high manure application rates. Th e proportion of DRPC and BAPC of TPRC was much higher with manure application that without application for both tillage treatments (twice as high or more on average), which is reasonable because of soluble P forms in added manure. Th e DRPC for the control, low manure, and high manure treatments averaged 8, 32, and 21%, respectively, of TPR for tilled plots and 21, 58, and 49%, respectively, for untilled plots. Th e BAPC for the same treatments averaged 14, 36, and 30%, respectively, of TPRC for tilled plots and 32, 66, and 57%, respectively, for untilled plots. Higher proportions of both DRPC and BAPC for untilled plots of all manure treatments (twice as high or higher on average) is reasonable because runoff TSC often was less than with tillage (Table 5) , and proportionally more of the TPRC would be in dissolved forms.
Runoff Phosphorus Loads
Manure and tillage treatment eff ects on runoff dissolved reactive P loads (DRPL), bioavailable P loads (BAPL), and total P loads (TPRL) shown in Table 7 usually were similar to those described for runoff P concentrations. Th is result is reasonable because runoff P concentrations and loads were Table 6 . Proportion of total runoff P concentration comprised by dissolved reactive P and bioavailable P across all sites (from data in Table 3 ).
Dissolved reactive P Bioavailable P Manure Tillage No tillage Means Tillage No tillage Means
--------% of total runoff P------- None  8  21  15  14  32  23  Low  32  58  45  36  66  51  High  21  49  35  30  57  44  Means  20  43  32  27  52  39 highly correlated (r = 0.79 to 0.87 with tillage and r = 0.92 without tillage). However, the relative magnitude of the diff erences for loads often had to be greater in relative terms than for concentrations to become statistically signifi cant, probably due to high variation in runoff among replications. Th e tillage and manure treatments seldom aff ected surface runoff signifi cantly (Table 5) . At Sites 1 and 8, manure application increased runoff , but tillage did not aff ect it signifi cantly. At Site 2, tillage increased runoff but manure did not. At Site 5, tillage decreased runoff but manure did not. Consideration of measured soil or manure properties in Tables 1 and 2 and the tillage practice did not clearly explain these isolated manure and tillage eff ects. Previous research in Iowa based on fi eld rainfall simulations (Allen and Mallarino, 2008 ) also showed high surface runoff variation between replicates and both infrequent and inconsistent eff ects of tillage and liquid swine manure application on runoff . Manure treatments increased DRPL signifi cantly (P ≤ 0.10) at fi ve sites, and tillage increased it at seven sites (Table 7) . Th e interaction between these two treatments was signifi cant at Sites 2, 3, 6, and 8, where manure application increased DRPL much more when it was not incorporated. Manure increased both DRPC and DRPL at Sites 1, 2, 3, and 6 but increased only DRPC at Site 7 and only DRPL at Site 8 (Tables 3 and 7) . Th e diff erent responses at Sites 7 and 8 might be explained by treatment eff ects on runoff (Table 5) . At Site 7, no treatment aff ected runoff and the manure treatments aff ected DRPC and DRPL approximately the same, but the eff ect did not achieve statistical signifi cance for DRPL. At Site 8, manure increased runoff signifi cantly and a small eff ect on DRPC became much larger for DRPL. Although tillage to incorporate the manure reduced DRPC at all sites, it did not reduce DRPL at Site 4, probably because it had a variable and nonsignificant eff ect on runoff at this site (Table 5) .
Manure application increased BAPL signifi cantly at fi ve sites, and tillage reduced BAPL at seven sites (Table 6) . Th e treatment eff ects on BAPL were similar to those for DRPL in most sites, which was a reasonable result because DRPC and BAPC were affected similarly and correlations between DRPL and BAPL were high for both tilled (r = 0.94) and untilled (r = 0.98) plots (Table  4) . Th e interaction between the manure and tillage was signifi cant at fi ve sites (Sites 1, 2, 3, 6, and 8), where manure application increased BAPL much more when it was not incorporated.
Th e treatments did not infl uence TPRL as often as DRPL or BAPL (Table 7) . Manure application increased TPR loads signifi cantly only at Sites 2 and 6. Tillage to incorporate manure or for non-manured plots reduced it at Sites 1, 2, 6, and 7. Th e reason for fewer signifi cant treatment eff ects on TPRL than for the other fractions probably was inconsistent treatment eff ects on runoff amount and TSC. Th e interaction between the treatments was signifi cant at Sites 1, 2, 3, and 6, where (similarly to DRPL and BAPL) application of unincorporated manure increased TPRL more than incorporated manure. Figure 3 summarizes mean treatment eff ects on runoff P loads across all sites. Manure application signifi cantly increased DRPL, BAPL, and TPRL only when manure was not incorporated. Th e mean results also showed that tillage of non-manured control plots did not increase TPRL signifi cantly compared with the untilled control (there was only a small increase). Th erefore, these results clearly demonstrate the value of poultry manure incorporation with tillage to reduce the risk of runoff P loss during events shortly after application under conditions similar to those in this study.
Conclusions
Manure application increased runoff DRPC, BAPC, and TPC at fi ve of eight sites, and increases were consistently greater when the manure was not incorporated into the soil compared with manure incorporated by tillage. Statistically nonsignifi cant or inconsistent eff ects across runoff fractions at three sites were partly explained by lower application rates of manure total P or MWSP than at other sites. Although tillage to incorporate manure usually increased sediment concentration in runoff , this eff ect was not high enough to surpass the higher amount of P lost when the manure was not incorporated. Another important result was that the relationship between MWSP applied and DRPC was highly signifi cant and linear for both incorporated and non-incorporated manure, although the rate of DRPC increase was approximately 10 times steeper for non-incorporated manure. Results for runoff DRPL, BAPL, and TPRL usually followed results for concentrations. Treatment eff ects on TPRL were signifi cant only in two sites, however, probably because of inconsistent and more variable eff ects on both surface runoff volume and sediment concentration.
Th is study assessed P loss from surface-applied poultry manure for runoff events shortly after manure application and using a rainfall simulation technique. Th erefore, expression in production agriculture of the potential for P loss demonstrated in the study will largely depend on the probability of a runoff event shortly after application, the time between application and the runoff event, diff erences in soil properties, and impacts of runoff and sediment transport processes on a larger scale. More research needs to be conducted using larger fi eld-plots to examine how these factors modify the potential P losses indicated in this study.
